Whole-body vibration exerts a substantive influence in many work environments. The primary objective of the present paper was to ascertain the effect of whole-body vibration and identify those moderating variables that influence the degree to which human performance is affected. A comprehensive meta-analysis was conducted which quantified the existing research evidence. Following a screening process of the collected literature, a total of 224 papers and reports were identified for analysis. From these papers, 115 effect sizes were derived from 13 experiments which survived the screening procedure. Results indicate that vibration acts to degrade the majority of goal-related activities, especially those that rely on visual perception and fine motor control. Gaps in the extant research literature are identified and suggestions offered with regard to a more theoretically-driven approach to testing stressor effects on human performance.
INTRODUCTION
The problem of vibration in the work environment is an issue that has long been of concern (e.g., Ramazzini, 1713) . A pervasive form of the stressor is whole body vibration (WBV), which manifests when vibrating surfaces support the human performer. Hence, the typical mechanism of vibration disruption to performance is direct, through the mechanical perturbation when the vibration is transmitted to and dissipated within the body. Vibration therefore influences several aspects of performance including sensory, and response processes, in addition to more latent effects on information processing and adaptive processes (the individuals' attempts to cope with their ambient environment). Though these effects are recognized, the exact mechanisms underpinning the specific effects have proved difficult to identify (Griffin, 2004) . WBV exists in any number of work realms but particularly in those that require the concomitant use of both transportation and information systems, such as using high technology interfaces in vehicles. As such, the implications of vibration effects on performance should be of great interest to human factors professionals.
Purpose of the Current Work
Here we provide a comprehensive, quantitative analysis of all available, existing scientific information that we identified concerning the influence of whole-body vibration on human performance. We have investigated these effects using meta-analytic procedures (see Hedges & Olkin, 1985; Hunt, 1997; Hunter & Schmidt, 2004) . The screening process resulted in the qualification of thirteen studies for inclusion. These emerged from a total of eleven different sources (i.e., articles, dissertations, technical reports, etc.), and resulted in one-hundred and fifteen effect sizes.
METHOD

Literature Accumulation
To collect the input values for the WBV meta-analysis, an exhaustive literature search was performed using the following search term combinations as a primary screen: 'whole body', 'vibration', 'performance', 'cognition', 'motor', and 'vigilance'. Additional articles were collected by surveying the reference lists from those already available and by retrospectively examining article citations through Science Citation Index® (SCI).
Criteria for Inclusion
Each study had to report an empirical examination of vibration stress in which the experimental manipulation employed an application of WBV, had to address the issue of direct WBV effects on performance, was required to include a control group for comparison purposes, had to report at least one measure of performance, and had to include sufficient information regarding performance results to determine effect size estimates. Thirteen primary studies were subsequently accepted for use in the meta-analysis.
The Calculation of Effect Sizes
Effect sizes for this study were the standardized mean difference between the experimental and the control conditions, often referred to as Hedge's g (Hedges & Olkin, 1985) . When means and/or standard deviations were unavailable the effect sizes were computed using inferential statistics (e.g., t-ratios) or sums of squares/mean squares (e.g., from ANOVA tables) using the equations presented by Lipsey and Wilson (2001) .
Estimation of Variances
The variance associated with each effect size was calculated using equations provided by Morris and DeShon (2002) . These were combined for estimates of sampling error variance (s e 2 ) and the variance among the observed effect sizes (s g 2 ) using procedures described by Hunter and Schmidt (2004) . These estimates can be used to derive the variance due to differences in the population effect size.(s δ 2 ). Thus,
A large s δ 2 indicates that there is variability among the observed effect sizes that cannot be accounted for by sampling error, and that there are likely to be one or more variables moderating the magnitude of the effect in question (see Hunter & Schmidt, 2004, pg. 288) . Note that if all of the variance in the effect sizes were accounted for by sampling error, then s δ 2 =0. Another possibility is that the population effect size itself varies randomly (i.e., a random effects model, see Hedges & Vevea, 1998) .
META-ANALYTIC RESULTS
In respect of the present results, the first observation concerns the rejection rate of studies that failed to meet the selection criteria. The collective survey of 224 studies and reports generated 13 useable studies (from only 11 papers). The results of the outcome meta-analysis are presented in Table 1 . The global analysis shows an effect size of -0.95, which represents a large overall performance decrement. Since it includes 13 total studies, this represents a supportable conclusion as a number of other meta-analyses have been reported with similar numbers of studies (e.g., Driskell & Mullen, 2005) .
A major aim of the present work was to identify and quantitatively assess WBV-performance moderating factors. The first moderator variable, task characteristics, was assessed through categorising the dependent variables used. Four performance categories were identified -perceptual processes, cognitive processes, continuous fine motor actions and discrete fine motor actions. An example of perceptual tasks is vigilance/target detection, working memory and mathematical reasoning are both examples of cognitive tasks, a continuous fine motor task could be tracking in nature, and an example of a discrete fine motor task is that of flicking a switch on a console. Table 1 shows a substantial, large effect of WBV on perceptual tasks, with all four contributing studies reporting effects reflecting considerable performance decrements under WBV. A medium effect size of WBV on cognitive performance was also found, though this result should be interpreted with caution as it was drawn from only one study. The effect of WBV on continuous fine motor performance was found to be similar to the effect on discrete fine motor performance, with both categories of fine motor performance demonstrating large degradation effects under WBV. WBV effects on performance were also parsed according to the aspect of performance measured. Table 2 shows a greater decrement of WBV on the accuracy of performance compared with the speed of performance. It should be noted that we considered only separate examinations of speed and accuracy, rather than trade-offs between the two.
In order to evaluate the differential effects of the WBV characteristics, the separate effects of vibration frequency and vibration intensity were assessed. In the absence of clear theoretical guidance, we adopted an empirically-based division, rendering the data bifid via the employment of a median split technique to create 'high' and 'low' categories for intensity and frequency. Vibration intensity under 0.2 RMSg was considered to be low and over this level, high. Low intensities were found to exert a smaller effect than high intensities, implying that the greater the magnitude of stress, the greater the disruption. Frequency values greater than 5 Hz were taken to represent high frequency WBV, and under 5 Hz, low frequency. High frequencies exerted a large negative effect on performance, while low frequencies exerted a moderate negative effect (k= 10, g= -0.65). A key factor in distilling WBV effects is that of exposure duration, with the premise being that for any given combination of intensity and frequency, increases in exposure duration reduce operator performance accordingly. The present results were categorised in two groups, studies that exposed performers to less than 30 min WBV, and studies exceeding this duration. Shorter exposure times (<30 min) produced a large effect on performance levels while longer durations (>30 min) produced a much larger effect, though the latter must be interpreted with caution due to the large variation found in the individual effects contributing to the calculated effect size (s e 2 = 9.91). In order to further evaluate the ISO thresholds, a secondary analysis was carried out to determine the extent to which exposure duration moderates the intensity effects of WBV on performance (using the median splits for intensity as described above). When short exposure durations were assessed as a function of low and high intensity, small and moderate effect sizes were found respectively. When the long exposure durations were assessed, a substantial large effect was found for long duration/low intensity, and an even larger effect was found for the combination of long duration/high intensity. It is therefore apparent that performance decrements increase as duration and intensity increase.
DISCUSSION
WBV has a negative influence on performance, with effects moderated by the type of task being performed. Perceptual tasks suffered the largest decrements, followed by continuous and discrete fine motor tasks. Hence, sensory and motor response process suffered most under WBV, reinforcing the support for direct mechanical interference being a general mechanism of performance disruption. Though a moderate negative effect was found for WBV influences on cognitive performance the effect size was derived from only one qualifying study. Hence, discussion of decrements in central (information processing) performance relative to those found for input (sensory) and output (fine motor response) is difficult at this time.
Performance accuracy-based tasks were found to be degraded more than those emphasising the speed of the response, and decrements were larger for higher levels of frequency and intensity when compared against lower levels. Though it is intuitive that the greater the level of the stressor (the magnitude here), the greater the level of performance disruption, the result for frequency is surprising given that performance is generally thought to suffer more at lower frequencies. However, the interpretation of this result is difficult as frequency effects are moderated by a further factor, the axis of vibration. Performance has been found to suffer most in the 1-2 Hz range when in the x-or y-axis, and in the 4-8 Hz range in the z-axis. Hence, the result may be a function of the median split being between the two ranges.
Greater exposure durations were found to result in larger performance decrements. This was found with respect to duration alone, and also when exposure duration was moderated by the intensity of the WBV stimulus. Thus, the longer the performer is exposed to the higher intensities of WBV, then the greater the performance decrement.
The Current State of Knowledge
Two main themes emerge from the present results. The current consensus is one of induced performance decrement, with the most deleterious associated with perceptual tasks. Though a large number of studies were collected, few were rigorous enough and/or supplied the information needed to contribute to the present analysis. Hence, that this conclusion is based upon relatively few valid empirical investigations may be an example of what Laughery (1993) termed the 'everybody knows' problem -since the general expectation is that vibration degrades performance, few are motivated to support extensive research to confirm this. Griffin (2004) recently highlighted a lack of supporting evidence for the moderating effect of exposure duration. Another area in which there is a paucity of studies is the effect of WBV on cognitive performance (see Sherwood, 1987) . The acknowledgements of poor understanding in these two areas may provide the impetus to approach WBV effects from a slightly different perspective. A great deal of the empirical studies in this area have focused on the characteristics of the vibration stressor. However, this focus may be unsuitable for the understanding of the mechanisms underpinning WBV exposure duration effects, or the effects on information processing components of performance. Humans are active agents in their world and are capable of investing more effect or changing their strategy to protect important performance goals under stress, or letting levels slip when performance is deemed to be of low importance relative to other goals (e.g., conservation of attentional resources, or moving away from the source of the environmental stressor).
Understanding WBV effects on performance may therefore benefit from the adoption of a 'topdown' perspective, using established theories of human performance under stress to inform the choice of experimental factors and variables, and as a framework on which to examine the results. Hancock and Warm's (1989) maximal adaptability model is recommended for its consideration of factors to manipulate, whilst Hockey's (1997) Compensatory Control Model is recommended as a framework on which to assess WBV effects on performance. Both models focus on the one consistent factor in the stressor-performance relationship -the human; and also pay particular attention to the adaptive capacities of the performer.
